I. INTRODUCTION

I
N TROPICAL countries like India, as well as other places where solar energy is available in abundance, photovoltaic (PV) has emerged as a major candidate for meeting the energy demand. It offers an option for clean (pollution free) energy source, with almost no running and maintenance cost. However, the cost factor remains a major impediment. While the cost of the PV itself contributes to about 57% of the total cost of the system, the cost of battery and inverter (with maximum power point tracking (MPPT) control) amounts to 30% and 7%, respectively [1] .
Due to increased attention and research efforts in the PV technology, it is expected that the cost of PV will decrease to 1 U.S.$ per watt by the year 2020 [2] . However, to decrease the total cost of a PV system, it is necessary to decrease the cost of other components (inverter components, storage devices, For grid-connected systems, the cost is further reduced due to the elimination of battery requirements, which is the second largest contributor to the cost of a PV system. The cost of the grid-connected system can also be minimized by decreasing the number of power conversion stages [6] and the number of components involved in each stage. Cavalcanti et al. [7] have evaluated and compared the efficiencies of single-stage and various two-stage, 3-φ, PV inverters and have reported that single-stage inverters are 4-10% more efficient than the twostage configurations.
Over the years, researchers have proposed several PV-fed grid-connected topologies [8] - [23] . A comparison of various single-phase grid-connected topologies is available [6] , [8] .
With the objective of reducing the cost and increasing the efficiency, several single-stage, single-phase (1−φ), grid-connected inverter topologies have been proposed. Some of these configurations employ pulse width modulation techniques for generating a sinusoidal inverter output current and operate in discontinuous conduction mode (DCM) [9] - [14] , [23] . Other schemes operate in continuous conduction mode (CCM) or currentcontrolled mode [15] - [22] .
Ciobataru et al. [19] have presented a single-stage, 1−φ, current-controlled scheme, which uses two current sensors. Another scheme, which implements current shaping and MPPT in a single power stage, has been presented by Jain and Agarwal [20] . However, it also requires two current sensors-one for shaping the inductor reference current and another for sensing PV array's output current for MPPT. Another elegant scheme for PV-fed grid-connected system has been presented by Kwon et al. [18] . It estimates the PV output current without using a dc current sensor. However, the scheme is applicable to a two-stage system that comprises of a boost converter for voltage boosting and an H-bridge for inversion and MPPT. Kim et al. [22] have presented an MPPT scheme that estimates the PV current using the sliding-mode observer. However, this scheme may be affected by chattering across the sliding surface and will involve more complex analysis, which in turn, would need a high-end controller (or digital signal processor) for implementation. Kasa et al. [23] have also presented an MPPT scheme in conjunction with a flyback inverter operating in DCM. The PV current information required for MPPT is estimated from the voltage across the decoupling capacitor. However, this scheme involves complex analysis and needs a high-end processor for implementation.
This paper proposes a new MPPT scheme employing only one current sensor, applicable to any 1−φ, single-stage gridconnected inverter topology operating in CCM. Some of these topologies [14] , [15] , [20] are shown in Fig. 1(a)-(c) . The salient features of the proposed MPPT scheme are as follows.
1) It is a current-controlled scheme, applicable to an inverter operating in CCM. CCM operation significantly reduces the stress on various components of the system and reduces electromagnetic interference (EMI). 2) It does not require the dc current sensor that is used for sensing the PV array current in some schemes. As a result, cost of the system reduces.
3) The proposed scheme supports boosting, inversion, and MPPT in a single stage. No extra stage is required for inversion or current shaping. 4) It does not involve any complex analysis or computations. Hence, it can be easily implemented with a generalpurpose microcontroller such as 8051.
II. CONVENTIONAL VERSUS PROPOSED MPPT METHOD
This section first discusses the conventional currentcontrolled MPPT employing two current sensors. Subsequently, the proposed MPPT scheme, employing a single current sensor is explained along with a detailed analysis. Both the conventional and the proposed schemes are explained with respect to Fig. 1(c) .
A. Two-Current-Sensors-Based Current-Controlled MPPT Scheme Fig. 1(c) shows a recently proposed 1−φ, single-stage gridconnected system that uses two current sensors (marked "A" and "B") for MPPT and current shaping. The conventional MPPT control scheme calculates the output power of the PV array from its output voltage and current. Hence, one of the current sensors (sensor A) is required to sense the PV array's current, i pv , while the other (sensor B) is needed to sense the inductor current i L , which helps to shape the inductor current.
In the positive half cycle, when switches S 1 and S 2 are ON and all other switches are OFF, inductor current i L 1 (current through L 1 ) increases and stores energy into the inductor. When S 1 turns OFF, as S 2 is ON, energy is supplied to the grid. During the negative half cycle, S 3 and S 4 play the same role as S 1 and S 2 and control the inductor current i L 2 (current through L 2 ).
The switches S 1 and S 3 are controlled with the hysteresis (Bang-Bang) control in the positive and negative half cycles respectively. Hysteresis control ensures that the inductor current, [14] , [15] , [20] , and (d) control scheme. "A" and "B" are the PV array output current and buck-boost inductor current sensors.
The task of the control circuit, shown in Fig. 1(d) , is to obtain the maximum power from the PV source and to generate a suitable reference current so that a unity power factor current is fed into the grid. The amplitude of the reference current is decided by the "MPPT block." The PV array's output current, i pv and output voltage, v pv , are filtered and the information regarding average PV array output current, I PV and average output voltage, V PV is fed to the MPPT block. The MPPT block employs a "Perturb and Observe (P&O)" method and applies a perturbation to the amplitude of the reference current in such a way, that the PV's operating point on the power-voltage curve moves toward the MPP.
B. The Proposed One-Current-Sensor-Based CurrentControlled MPPT Scheme
In the two-current-sensors-based approach, the MPPT controller calculates the power (P pv ) by sensing both the PV array's current and voltage. However, in the proposed one-currentsensor-based approach, the principle of correlation between the reference inductor current and PV output current is used. Hence, it uses only one current sensor [marked as sensor "B" in Fig. 1(c) ], which senses the buck-boost inductor current, to estimate the PV output power. The mathematical analysis involved in the one-current-sensor approach is explained as follows.
To achieve maximum utilization of the PV array, whatever maximum power it can generate at a given instant and conditions should be injected into the grid. Considering unity power factor operation, this implies
where v pv and i pv are the PV array's instantaneous output voltage and current; P pv is the PV array's output power; V grms (V gm ) and I grms (I gm ) are the rms (maximum) values of the grid voltage and current, respectively; ω is the angular frequency (=2πf ); t is the time; and i dc is the output current of dc source formed by the parallel combination of capacitor C and PV source and i c is the charging current of capacitor C. From Fig. 1(c) , it is obvious that the output current i dc , of the dc source formed by the parallel combination of capacitor C and PV source is same as that of the current flowing through the inductor L 1 (or L 2 ). Hence, when the switch S 1 is ON during the positive half cycle or S 3 is ON during the negative half cycle of the grid supply voltage
where i L is the instantaneous inductor current. From (1) and (3)
Hence, the reference inductor current can be represented by
where A is the amplitude of the reference current. A typical reference current waveform is shown in Fig. 2 . If i L is made to track the waveform represented by reference current i * L , a sinusoidal output current, which is in phase with the grid voltage, can be generated. The MPPT could be achieved by appropriately adjusting the amplitude A of the reference current. Hysteresis (bang-bang) controller can be used to track the reference current. Fig. 3 shows the variation of i L , which is governed by the hysteresis band of width 2∆I. During the positive half cycle of the grid voltage, when switch S 1 (or during the negative half cycle when switch S 3 ) is ON, i L increases and stores energy in the inductor. This period is defined as the energy storage period (ESP). During the positive half cycle, when switch S 1 (or during the negative half cycle when switch S 3 ) is OFF, i L decreases. This period is referred to as the energy release period (ERP). As soon as i L reaches the lower value equal to A sin 2 ωt − ∆I , the inductor starts storing the energy and when it attains the value equal to A sin 2 ωt + ∆I , the inductor starts releasing the stored energy to the grid. Fig. 4 shows that the amplitude A of the reference current i * L is closely related with the PV array's output current and both follow the same trend. In other words
where c is the constant of proportionality. Equation (6) shows the correlation between reference inductor current amplitude A and PV output current. Based on this correlation, in the proposed approach, the power is estimated by multiplying the PV array output voltage with A, thus avoiding the PV output current information
where P e is the power estimated using A and V pv . The value of c lies between 0.25 and 0.5. This can be explained with the help of Fig. 2 . If inductor L stores the energy for the entire half cycle, the energy balance between PV and the inductor is given by the following equation:
Hence, from (6) and (9), the upper limit of c is 0.5. However, as the switch (S 1 or S 3 ), connected in series with the PV source and inductor, is switched continuously, the inductor never has to carry the current continuously for the entire half cycle. A hatched strip in Fig. 2 represents an ESP, i. e., the period when the switch is closed and energy from the PV is stored in the inductor. For the rest of the period, the inductor releases the energy to the grid. Thus, an unhatched strip in a given highfrequency switching period represents an ERP.
The other limit for the value of c can be obtained by using the condition, θ si = θ ri , where i varies from 1 to n and n is the number of switching periods during the half cycle. θ si and θ ri represent ON period (ESP) and OFF period (ERP) of the switch during the ith switching interval of a given half cycle. Condition θ si = θ ri indicates that the width of the ESP is equal to that of ERP. Under this condition, the energy balance gives the value of c = 0.25. However, as the scheme is suggested for a buckboost topology, which is mostly operated in boost mode from the economic and practical considerations, θ si = θ ri . Under boost mode, as the voltage across the inductor during ESP (i.e., v pv ) is less than that during the ERP (i.e., v g ), the energy balance requires that θ si > θ ri . This, in turn, indicates that the value of c should be between 0.25 and 0.5. Hence, it is better to select any appropriate value in the range of 0.25-0.5. The actual value of c can be analytically obtained as follows.
Applying energy balance [ Fig. 2 ]
where i Lsi is the current through the inductor during ith interval and is assumed to be constant during the ON period. It is given by
where k is a positive integer. The actual value of c can now be obtained by solving (6), (10), and (11). However, the analysis is quite complex as n, θ si , and θ ri are dependent on the width of the hysteresis band and A. Further, the value of A is dependent on the environmental conditions. Equation (7) shows that the value of c determines the estimated power, P e . Ideally, this value should be equal to P pv . Therefore, if an appropriate value of c is not used, P e and P pv will be different. However, the nature in which the two vary is identical. As the P&O MPPT algorithm makes the decision just by checking whether the power is increasing or not and as it is not based on an exact value of the PV output power (P pv ), P e could be used in place of P pv . Further, as the value of c does not affect the nature of how P e varies, any value of c, in the range 0.25-0.5, can be used. As shown later, the value of c does not affect the steady-state maximum power tracked from the PV array. The control scheme for the proposed MPPT approach is shown in Fig. 5 . The size of the perturbation is dependent on the value of "Lstep," which is decided by the subroutine "Step Determination" [Block M7]. Large perturbation value quickly tracks the MPP, but the power loss due to oscillations at the MPP is high. To achieve fast tracking and minimum losses due to oscillations at the MPP, the perturbation size is reduced as the operating point moves toward the MPP, i.e., as ∆P e decreases [Blocks S1_1, S1_11]. The size of the large step (Lstep) is arbitrarily selected here, but it could be set corresponding to some percentage of output power capacity of the array. The movement toward MPP is achieved by the subroutine "MPP tracking" [Block M8].
The subroutine "
Step Determination" also checks whether the operation is in the voltage source region (VSR) or current source region (CSR) (or near CSR) [Blocks S1_12, S1_13]. If the operating point moves closer to CSR, the subroutine initiates the operation to move the operating point back toward VSR by setting the flag "decr_ampl" [Block S1_14]. The decision of transferring the operating point back to the VSR is taken by the subroutine "MPP tracking."
The subroutine "MPP tracking" checks ∆P e value [Block S2_2]. If it is less than a certain minimum set value (say 0.01), then the operation is close to the MPP, and hence, further perturbation is not applied [Blocks S2_16, S2_17]. However, if it is the other way, then the perturbation is applied. Depending upon the values of ∆P e and ∆V , A is increased or decreased. If both are positive [Blocks S2_4 and S2_5] or negative [Blocks S2_4 and S2_6], it indicates that the operation is in the CSR. Hence, the movement toward the MPP could be achieved by increasing the operating voltage, which, in fact, is accomplished by decreasing A [Block S2_7 or S2_9]. Table I summarizes the adjustment required in A, so that the MPP is achieved.
If ∆V is positive and ∆P e is negative, the operating point is moving away from MPP on the VSR. Hence, A should be increased to reduce the output voltage of the array and to regain the MPP [Block S2_8]. If ∆V is negative and ∆P e is positive, . The value of A should be increased further to continue the movement toward the MPP. However, if the operation is very close to the CSR, any further increase in A may lead to instability of the system. To avoid this, as soon as the operation is close to CSR, the "decr_ampl" flag, which is set by the "
Step Determination" subroutine [Block S1_14], decreases A [Block S2_10]. The operating point thus shifts to the VSR, but remains very close to the MPP. Once the operating point is on the VSR, the decr_ampl flag is reset [Block S2_11]. The subroutine "MPP tracking" also takes care of sudden solar insolation variation. If the insolation on the PV array increases suddenly, the output voltage of the PV array increases and the operating point moves away from the MPP. The operation in this case is on the VSR. Subsequently, A increases slowly and the MPP is once again regained. Now, if the insolation suddenly decreases, the PV output current decreases. But A still corresponds to the high insolation period. If the value of A is not decreased or if it is decreased slowly, the demanded inductor current is met by the energy stored in the decoupling capacitor C. As the charge on the capacitor is slowly depleted, the voltage across the capacitor 
IV. SIMULATION RESULTS
Figs. 7-10 show the simulation results, obtained with the proposed one-current-sensor approach discussed in the previous sections. The array configuration, considered for this simulation, comprises of three strings connected in parallel. Each of the strings consists of six series-connected modules. The ratings of the PV module are: V oc = 21.06 V; I sc = 3.8 A; P max = 59.1 W at 25
• C and insolation level of 1000 W/m 2 . V oc , I sc , and P max are open-circuit voltage, short-circuit current, and the maximum power output, respectively, of the PV module. The performance of the proposed scheme is studied with the aforementioned array configuration, at two different insolation levels. Till t = 20 s, higher solar insolation of 1000 W/m 2 exists. At t = 20 s, a sudden change in the insolation level (from 1000 to 500 W/m 2 ) is considered. Fig. 7(a)-(c) shows the variation of PV array's output voltage, current, and power. Within 4 s, the MPP is tracked, and the operating point is maintained around the MPP. Fig. 7(d) shows the reference inductor current amplitude that has the same nature as that of PV array output current and output power. At t = 20 s, when the insolation suddenly decreases, to prevent the discharge of capacitor and to maintain the operation in the voltage source region, the amplitude of the reference current immediately changes to a low value. This shifts the operating point close to V oc [ Fig. 7(a) ]. The amplitude of the reference current, then, slowly increases to track the new MPP [ Fig. 7(d) ], which is attained at around t = 22 s.
Figs. 8 and 9 show the grid current (before and after the filter components C f and L f ), buck-boost inductor current, and the voltage across the capacitor C f at two different instants corresponding to Fig. 7: 1 ) just before the sudden insolation change has occurred, i.e., just before t = 20 s and 2) t = 39.96 s to t = 40 s, where the operation is at the new MPP corresponding to low solar insolation. Figs. 8(c) and 9(c) show the inductor current, which is governed by (5) . It is observed that there is some discontinuity in the inductor current when it is near the zero value (at t = 19.97 s, 19.98 s, 19.99 s and so on). As a result, there is some distortion in the grid current near the zero crossings. Due to this, the total harmonic distortion (THD) in the grid current increases. Fig. 10 shows the THD variation and the grid current under high insolation and low insolation conditions mentioned earlier. The THD at high insolation level is about 7.3% while that at low insolation level is about 7.8%. However, it could be decreased by giving a slight dc offset to the reference current waveform. This will introduce a small dc offset in the inductor current, and hence, the discontinuity in the inductor current near the zero value could be avoided.
Figs. 11 and 12 show the response of the proposed scheme in MPPT for different values of c. The values of c are varied from 0.15 to 0.45 in steps of 0.1. As c increases, the time taken by the reference current amplitude (A), to reach the final value (corresponding to the MPP) decreases. However, the value of A corresponding to this MPP is independent of the value of c. Thus, the value of c affects the dynamic response but not the steadystate value. Fig. 12 shows the estimated value of output power P e and the actual output power P pv of the array for different values of c. There is a significant difference in P e and P pv for c = 0.15, 0.25, and 0.45 while they match for c = 0.35. The dynamic response is faster for c = 0.45 for which P e > P pv , while for c = 0.25 and c = 0.15, the dynamic response is relatively slower with P e < P pv . The value P pv obtained under MPP conditions is nearly the same for all the values of c. [24] obtained with the proposed algorithm (with c = 0.3) for different insolation levels. As the steady-state power tracked is independent of the value of c, the effect of the parameter c is not significant on η MPP . η MPP is obtained using the following relation:
where P tracked is the power obtained from the PV array while P mpp is the maximum power that the PV could deliver. t 1 and t 2 are the two time instants during which the steady insolation conditions are considered and the efficiency is determined. Evaluation of dynamic efficiency is more involved and unlike steady-state efficiency, it is observed to be a function of "c."
V. EXPERIMENTAL RESULTS
The values for the various components of the experimental setup considered are: L = 1 mH, C = 5000 µF, L f = 3 mH, and C f = 4.4 µF. The PV array considered comprises of two PV strings connected in parallel, with each string having six identical series-connected modules. The specifications of the PV modules at an insolation level of 1 kW/m 2 and 25
• C temperature are: P max = 38 W, I sc = 2.55 A, and V oc = 21.5 V. Grid voltage of 100 V rms is considered for the experiments.
The performance of the 1−φ, single-stage inverter [ Fig. 1(c) ] without current sensor "A," employing the proposed scheme to track the MPP, is shown in Figs. 13 and 14. Fig. 13 shows the variation in the output voltage, current, and power of the PV array while tracking the MPP. Fig. 13 shows that the power obtained from the PV array is 106 W. Fig. 14(a) and (b) shows the PV-side and grid-side quantities, respectively. Fig. 14(a) shows the double-frequency component (i.e., twice the supply frequency) present in the PV array current, and hence, in the PV array output power. Fig. 14(b) shows the current injected by the inverter into the grid with a peak of 1.3 A. As the current injected is in phase with the grid voltage giving a nearly unity power factor operation, the power supplied to the grid is about 92 W. Thus, the efficiency of the converter is 87%.
VI. CONCLUSION
The proposed technique has good potential as it applies to single-stage grid-connected systems, which have become quite popular these days. A desirable feature of the scheme is that it supports the CCM operation, which reduces the peak stress on various devices and components.
The proposed MPPT scheme is simple and eliminates the need of sensing the PV array output current. The PV current information is obtained from the amplitude of the inductor current and a constant "c." It is observed that the steady-state output power is independent of the value of c. However, the dynamic response is affected by its value. Therefore, it is important to choose the value of c carefully.
It is observed that the proposed method is equally effective for low insolation levels and can work even where large sudden insolation changes are likely to occur. The simulation results justify the performance of the scheme under various conditions. Experiments performed with a laboratory prototype have shown encouraging results. Due to reduced hardware and absence of complex computations from the control scheme, a low-end microcontroller is sufficient to implement the proposed technique.
